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 Abstract —Large-scale molecular dynamics simulations are 
performed to characterize the effects of pre-existing surface 
defects on the vibrational properties of Ag nanowires. It is 
found that the first order natural frequency of the nanowire 
appears insensitive to different surface defects, indicating a 
defect insensitivity property of the nanowire’s Young’s 
modulus. In the meanwhile, an increase of the quality (Q)-
factor is observed due to the presence of defects. Particular, a 
beat phenomenon is observed for the nanowire with the 
presence of a surface edge defect, which is driven by a single 
actuation. It is concluded that different surface defects could 
act as an effective mean to tune the vibrational properties of 
nanowires. This study sheds lights on the better understanding 
of nanowire’s mechanical performance when surface defects 
are presented, which would benefit the development of 
nanowire-based devices. 
 
 Index Terms –Surface defect, vibration, beat, nanowire, 
molecular dynamics. 
 
I.  INTRODUCTION 
 Nanowires (NWs) have been widely utilized as the 
building blocks of high performance nanoscale devices, such 
as sensors [1], field effect transistors (FETs) [2], resonators 
[3], and lithium battery anodes [4]. Due to their increasing 
applications, many research efforts have been attributed to 
characterize the mechanical properties of NWs in the past 
decade. For instance, basing on the in situ tensile tests, Yue 
et al. [5] reported the Cu NW exhibits a ultrahigh elastic 
strain. Through resonant testing, the vibration properties of 
SiO NWs are studied by Dikin et al. [6]. 
 Molecular dynamics (MD) simulation is an effective 
tool for the prediction and investigation of the mechanical 
properties of nanomaterials [7], which has unveiled a 
plethora of intriguing properties of NWs. Such as the phase 
transformation [8], shape memory effect and pseudoelastic 
behavior of metal NWs [9]. The mechanical behaviors of 
NWs under tension [10], bending [11], compression [12], 
torsion [13] have also being studied. It is reported by Wu et 
al. [14] that the short Cu NWs fail via a ductile mode, while 
long wires exhibit extreme shear localization and abrupt 
failure. 
 It is generally accepted that the materials used in the 
real engineering always contain imperfections. Such defects 
could be impurities, nano-cavities, grain boundaries, or 
surface defects. For example, Sansoz et al. [15] revealed 
that, twin boundaries are ubiquitous for both synthesis and 
properties in nano-enhanced FCC metals. Because of the 
ultra small scale, the existences of defects are supposed to 
exert significant influence to the mechanical properties of 
NWs. In this aspect, a number of atomistic simulations have 
been conducted to investigate the contributions of defects, 
such as the investigation of twinned metal NWs [16], 
fivefold twinned NWs [17] under tensile deformation. Some 
works regarding the NW’s tensile properties with other 
kinds of defects can also be found, such as grain boundaries 
[18] and pre-existing surface defects [19, 20].  
 Since the NW is popularly utilized as a resonating beam 
in the nanoscale devices, which makes the understanding of 
its resonant properties becomes more crucial. There are 
currently several MD simulations carried out investigating 
the vibration properties of NWs [21, 22]. However, no effort 
has been made to demonstrate how the pre-existing surface 
defects would affect the vibration behaviors of NWs. 
Therefore, in this work, a serial of MD simulations will be 
performed to figure out the effects of pre-existing defects 
under vibration. 
II.  NUMERICAL IMPLEMENTATION 
 Large-scale MD simulations are performed on doubly 
clamped Ag NWs. The considered Ag has a square cross-
section with the initial atomic configuration positioned at 
perfect FCC lattice site, and the x, y and z coordinate axes 
represent the lattice directions of [100] , [010]  and [001] , 
respectively. The Ag lattice constant a is chose as 0.409 nm 
[23].  
 The simulation model is illustrated in Fig. 1. To mimic 
the clamped end condition, the two ends are fixed in all three 
dimensions. Embedded-atom method (EAM) potential 
developed by Foiles et al. [24] is used to describe the Ag 
atomic interactions. During each simulation, NWs are first 
relaxed to a minimum energy state using the conjugate 
energy minimization and then the Nose-Hoover thermostat 
[25, 26] is employed to equilibrate the NW at 10 K. After 
that, a sinusoidal velocity actuation ( ) sin( )v z kzλ=  is 
imposed along the x-axis to drive the vibration, where λ  is 
the velocity amplitude, and k  equals / Lπ  (see Fig. 1b). 
The velocity actuation will increase the total potential 
energy of the atomic system by less than 0.1% to secure that 
nonlinear vibration modes haven’t been excited. All 
simulations are performed using LAMMPS [27] developed 
at Sandia National Laboratories in US. 
  
Fig. 1 (a) A doubly clamped Ag NW model for the vibration tests. ‘E’ 
represents the fixed end. (b) The profile of a sinusoidal velocity actuation. 
 The NW’s size is uniformly selected as 6a×6a×34a. 
Since the length with two lattice constants is fixed for each 
clamped end, which makes the effective length as 30a for all 
considered NWs. Pre-existing surface defects with different 
orientations and quantities are considered, which are 
introduced to the NW by removing certain number of atoms 
from the surface. The schematics of different defects are 
illustrated in Fig. 2. For discussion convenience, following 
denotations are made. The defect quantities is described by 
dq=n/N, where n is the row number of the removed atoms, 
and N is the total row number of atoms for a prefect FCC 
crystal layer. As shown in Fig. 2, N equals 61 for the NW in 
the present work. Meanwhile, the defect orientations are 
defined according to the relations of their profiles with the 
NW’s axial direction. Capital letters ‘H’, ‘V’, ‘T’ and ‘E’ 
denote horizon, vertical, tilt (45˚) and edge defects, 
respectively. Upon these simplifications, all tested surface 
defects are summarized in Table 1. To note that, all pre-
existing surface defects are introduced to the (100) surfaces, 
which is perpendicular to the x-axis. 
 
Fig. 2 Schematics of different pre-existing surface defects. (a) A perfect 
(100) atomic layer. (b) An atomic layer with defect dq-H=7. (c) An atomic 
layer with defect dq-V=7. (d) An atomic layer with defect dq-T=7. (e) An 
atomic layer with defect dq-E=7. Gray atoms in Fig. 2b, 2c and 2d represent 
the moved atoms. 
Table 1. Summary of the different pre-existing surface defects. 
Defect’s Quantity (1/61) 
dq-H dq-V dq-T dq-E 
0 3 5 7 9 13 17 7 7 7 
III.  RESULTS AND DISCUSSION 
 Following studies will focus on the discussions on the 
Q-factor and natural (resonance) frequency of the Ag NW. 
Specifically, due to the energy-preserving (NVE) ensemble 
adopted during NW oscillation, the loss of potential energy 
must be converted to the kinetic energy. Thus, the time 
history of the external energy (EE) will be tracked for the 
calculation of Q-factor, which is defined as the difference of 
potential energy before and after the transverse velocity is 
applied to the NW [21]. To determine the vibration 
frequency from the simulation results, the fast Fourier 
transform (FFT) [28] is applied.  
 
A. Different defect’s quantity 
 Firstly, the perfect NW is tested, and the actuation is 
loaded along the x-axis. Fig. 3a shows the time history of the 
EE for a perfect NW. As is seen, the EE magnitude decays 
linearly with time, indicating that the nonlinear vibration 
mode has not been excited. Specifically, the Q-factor is 
estimated around 6589.8, with the first order natural 
frequency as 34.84 GHz (note that, the value revealed in Fig. 
3b is the frequency of the external energy, which is twice of 
the actual vibration frequency of the NW).  
 
Fig. 3 Simulation results of the perfect NW. (a) Time history of the external 
energy. (b) The corresponding frequency spectrum, which is truncated at 
the frequency of 150 GHz. 
 NWs with different quantities of the horizon defects 
(dq-H) are then examined separately (actuation is loaded 
along the x-axis). It is interested to found that, the 
introduction of different dq-H has induced an increase to the 
Q-factor. As shown in Fig. 4, the largest Q-factor is found 
from the NW with dq-H=7/61, which is almost eight times 
larger than the perfect NW. In general, the Q-factor appears 
a parabolic relationship with the defect’s quantity. Despite of 
the fact that, the Q-factor is vulnerable to the simulation 
temperature [21], as well as the actuation amplitude, the 
present results imply that the presence of the surface defect 
might enhance the Q-factor.  
 
Fig. 4 Comparisons of the Q-factor determined form the time history of the 
external energy curve for the NW with different horizon defects. 
B. Different defect’s orientation 
 Surface defects with different orientations are then 
tested, including the defects of dq-V=7/61, dq-T=7/61 and 
dq-E=7/61. The NW with dq-V=7/61 lead to a similar time 
history of the external energy with previous horizon defect, 
and the Q-factor is found around 10678, which is still larger 
than the perfect NW. Meanwhile, the natural frequency is 
calculated as 34.84 GHz. On the contrary, significant 
differences are observed in the rest two cases (dq-T and dq-
E). As illustrated in Fig. 5, the EE changing trend of the NW 
with dq-T=7/61 appears highly nonlinear with time, which 
shows an apparent attenuation at the beginning of vibration. 
 Corresponding FFT analysis reveals that, the natural 
frequency of the NW is decreased to 34.34 GHz. 
 
Fig. 5 The time history of the external energy for the NW with dq-T=7/61.  
 The most interesting finding is observed from the NW 
with dq-E=7/61. Fig. 6a presents the changing pattern of EE. 
As is seen, the EE amplitude changes periodically with time, 
with a clear pulsation pattern. According to the vibration 
theory [29], this kind of result is typically generated by the 
beat vibration, which means the NW is under a dual-mode 
vibration, while the frequencies of the two vibration 
components are very close to each other. Moreover, the 
existence of the relative small EE amplitude value in Fig. 6a 
indicates that these two vibration components have almost 
same amplitude. FFT analysis confirms this beat 
phenomenon. As illustrated in Fig. 6b, two close frequencies 
values are identified, which are 68.68 GHz and 70.68 GHz, 
respectively, leading to a beat period around 500 psec for the 
external energy. Just as expected, in Fig. 6b, the 
corresponding amplitudes for the two vibration components 
only exhibit little difference.  
 
Fig. 6 Testing results for the NW with dq-E=7/61. (a) The time history of 
the external energy. (b) Frequency spectrum from FFT analysis. 
 Fig. 7 presents the atomic configurations of the NW 
with dq-E=7/61 at the time of 224 psec. Evidently, the NW 
is deflected in both x and y-axes, which further confirms that 
the NW is under a dual-mode vibration.  
 
Fig. 7 Atomic configurations of the NW with dq-E=7/61 at the time of 224 
psec. (a) Deflection in the x-axis. (b) Deflection in the y-axis. 
 The time history of the absolute deflection (amplitudes) 
in both x and y-axes are recorded. As seen in Fig. 8b, the 
magnitudes of the x and y-defection peak at different time. 
Specifically, it is found that, when x-deflection arrives at the 
maximum value, y-deflection is at the minimum value (see 
Fig. 8b), which signifies a phase lag between the vibrations 
in x and y-axes. It should be pointed out that, from Fig. 8a, 
the amplitudes of both x and y-deflections still appear a 
periodically changing fashion with time, which indicates 
that, the vibrations in x and y-axes are actually not the 
fundamental vibration components, i.e., they are still a 
combined vibration. In other words, due to the presence of 
the edge defect, the NW is vibrating in other two orthogonal 
directions that deviate from the original x and y-directions. 
 
Fig. 8 The deflection magnitudes in both x and y-axes as a function of time. 
(a) During the time of 0~500 psec. (b) During the time of 250~280 psec. 
 In conclusion, the defect’s orientation behaviors as an 
important factor that determine the defect’s influence. The 
beat vibration triggered by the edge defect suggests that the 
pre-existing defect could be effective mean to tune the 
vibrational properties of NWs. 
C. Actuation in y-axis 
 Further interests are then put on the vibration of the NW 
in the y-axis (the actuation direction is parallel to the surface 
where the defect is located). The defects dq-H=7/61, dq-
V=7/61 and dq-T=7/61 are considered. We find that the first 
two cases possess a larger Q-factor and natural frequency 
than the perfect NW. Specifically, for the case of dq-
H=7/61, the Q-factor is estimated about 14607 and the 
natural frequency is 35.09 GHz. The NW with dq-V=7/61 
reveals a Q-factor of 7429.6, and a natural frequency as 
35.09 GHz.  
 For the NW with defect dq-T=7/61, a smaller Q-factor 
(around 4462.6) than the perfect NW is observed. Fig. 9 
represents the testing results from this case. As is seen, a 
steeper decreasing trend of EE is revealed comparing with 
Fig. 3a. The natural frequency is estimated as 35.09 GHz, 
which is a little bit larger than that of the perfect NW. Recall 
the results in Fig. 5 for the NW with dq-T=7/61 under the 
actuation perpendicular to the defected surface, it is 
concluded that among all considered defects the tilt defect 
(dq-T) usually introduces a larger effect to the Q-factor than 
other kinds of pre-existing defects.  
  
Fig. 9 Testing results for the NW with dq-T=7/61 with the actuation parallel 
to the defected surface. (a) The time history of the external energy. (b) 
Frequency spectrum from FFT analysis. 
 In the end, we compare the natural frequencies for all 
defected NWs and the perfect NW, as shown in Fig. 10. 
Generally, no significant influence is observed for the 
natural frequency due to the presence of pre-existing surface 
defects. According to the classical Euler-Bernoulli beam 
theory [29], the natural frequency of a doubly clamped thin 
beam equals 2/ / (2 )nf EI A Lω ρ π= , where EI is the 
flexural rigidity, ρ  is density and A is the cross-sectional 
area of the beam. nω  is an eigenvalue which equals 22.37 
for the first order vibration mode. Hence, the negligible 
difference between different defected NWs indicates 
Young’s modulus is insensitive to the pre-existing defects. 
This conclusion is consistent with our previous findings 
from defected NWs under tension and compression as 
reported by previous researchers [12, 19].  
 
Fig. 10 Comparisons of the natural frequency obtained from the testing 
results using FFT. Red dashed line refers the natural frequency of the 
perfect NW. The square marker represents the second frequency component 
observed in the NW with the defect of dq-E=7/61. 
IV.  CONCLUSIONS 
 Large-scale molecular dynamics simulations have been 
utilized to investigate the influence of the pre-existing 
surface defect on the vibrational properties of Ag NWs. Pre-
existing defects with different quantities and orientations are 
examined. Major conclusions are summarized as below: 
1) The presence of pre-existing surface defect is found to 
result in an enhanced Q-factor; 
2) The first order natural frequency appears insensitive to the 
pre-existing defect, indicating a defect insensitivity property 
of the NW’s Young’s modulus; 
3) The beat vibration is observed for the NW with the 
presence of an edge defects, driven by a single actuation. 
This phenomenon indicates that, the pre-existing defect 
could be an effective mean to tune the vibrational properties 
of NWs. 
 This work sheds lights on the better understanding of 
the NW’s vibrational properties when defects are presented, 
and benefits the development of nanowire-based devices. 
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